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The experimental details are reported of Laser Ablation Molecular Isotopic Spectrometry (LAMIS) and its ap-
plication for performing optical isotopic analysis of solid strontium-containing samples in ambient atmo-
spheric air at normal pressure. The LAMIS detection method is described for strontium isotopes from
samples of various chemical and isotopic compositions. The results demonstrate spectrally resolved measure-
ments of the three individual 8Sr, 87Sr, and #Sr isotopes that are quantified using multivariate calibration of
spectra. The observed isotopic shifts are consistent with those calculated theoretically. The measured spectra
of diatomic oxide and halides of strontium generated in laser ablation plasmas demonstrate the isotopic res-
olution and capability of LAMIS. In particular, emission spectra of SrO and SrF molecular radicals provided
clean and well resolved spectral signatures for the naturally occurring strontium isotopes. A possibility is dis-
cussed of using LAMIS of strontium isotopes for radiogenic age determination.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Laser Ablation Molecular Isotopic Spectrometry (LAMIS) is a new
approach to rapid optical isotopic analysis of condensed samples in
ambient atmospheric air [1,2]. The technique exploits laser ablation
of the sample and measurement of optical spectra from molecular
species that are produced during plasma expansion into the air. A
well established and closely related technique known as Laser In-
duced Breakdown Spectroscopy (LIBS) uses optical emission spectra
of atoms and atomic ions to analyze solid, liquid or gaseous samples,
including aerosols and suspended particles [3-6]. LAMIS expands the
capabilities of LIBS by adding isotope measurements.

The recognized advantages of LIBS include elemental analysis and
material classification at atmospheric pressure in real time; no sam-
ple dissolution or other sample preparation, and no acidic consum-
ables that would have to be disposed of after the analysis. As only a
microgram-sized amount of ablated material is required for analysis,
the sample can be preserved for archiving. Both laboratory and field
environments are appropriate to perform analyses, and in the latter
case open-path standoff measurements can be carried out [7,8]. LIBS
is generally not utilized for isotopic detection because of two factors:
very small isotope splitting in spectra of the majority of atomic spe-
cies and significant broadening of these spectral lines in laser ablation
plasmas at atmospheric pressure. For example, a characteristic
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isotope shift in atomic emission spectra of strontium isotopes 86Sr
and %8Sr is only 0.25 pm (165 MHz=0.005cm™') [9,10] but the
spectral lines of metals in LIBS plasma are broadened up to several
nanometers at early stages [11] and remain broadened to the order
of 100 pm at typical acquisition delays of ~1 ps and temporal gate
widths of several microseconds [12,13].

In earlier studies of LIBS at atmospheric pressure, the isotopic spectra
of atoms or atomic ions were resolved or at least partially resolved only
for three elements (H, Li, and U) [14-16]. Hydrogen and lithium are very
light atoms in which nuclei move about the centroid common with their
electron shells, thus resulting in relatively large changes in atomic ener-
gy dependant on the number of protons and neutrons. In contrast, the
uranium nucleus is so large that its volumetric charge causes deviations
from the intra-atomic Coulomb field distribution, which varies depend-
ing on the number of protons and neutrons included in the nucleus.
There are other subtle effects on the isotopic shift, such as the collective
multi-electron interaction with the nucleus recoil, momentum coupling
perturbations and an influence of the nuclear binding energy. However
in general, very light and very heavy elements represent the two oppo-
site ends of relatively large splitting in atomic isotope spectra (15 pm
between °Li and ’Li atomic lines at 670.8 nm; and 25 pm between
235U and 38U ionic lines at 424.4 nm [16]). For intermediate elements,
interactions of electron shells with their nuclei are weak, yielding gener-
ally very small isotopic differences in optical spectra [17]. As a result, the
isotopic shifts for the majority of elements are no more than a few pic-
ometers [18].

Broadening of spectral lines in laser ablation plasmas decreases
with the reduction of pressure, due to the decrease in collision
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frequency, diminishing electron density and related reduction in the
temperature. Consequently, the atomic isotope spectra of several ad-
ditional elements (H, Li, Rb, Ce, Gd, U, Pu) could be optically resolved
in laser ablation plasmas at reduced pressure air or noble gasses
[19-26]. Other plasma sources (arc, glow discharge, inductively-
coupled plasma) at significantly lower electron densities relative to
the laser ablation plasma also were shown to provide isotopic mea-
surements from optical emission spectra [27-32].

LAMIS is based on the measurement of molecular emission spectra in
laser ablation plasmas [1,2]. Relative to atomic emission, molecular spec-
tra can exhibit significantly larger isotopic shifts due to contributions of
the vibrational and rotational motion in the molecule. Vibration and ro-
tation of molecule's nuclei depend on the number of neutrons at a signif-
icantly greater scale than does the electronic shell of a free atom. As an
example, the isotopic splitting for '°B and ''B atomic transition at
208.9 nm is 2.5 pm but for boron monoxide '°BO and 'BO, the molecu-
lar isotopic shift is more than 5 nm in the A%[T; (v=0)—-X>3* (v=3)
transition [2]; that is three orders of magnitude larger isotopic effect.
For strontium monoxide #5SrO and 88SrO, we predicted and experimen-
tally confirmed an isotopic shift of 148 pm (2.2 cm™!) in the origin of
SO A'ST (v=2)—X'S™ (v=0) emission band. This shift is signifi-
cantly larger than the isotopic splitting of 0.25 pm (0.005 cm™') in the
atomic line at 689.5 nm [9], or splitting of 0.10 pm (0.006 cm™!) in the
atomic ion line at 421.5 nm of 2°Sr and #3Sr [33] (compare the shifts in
SrO spectra for different Sr isotopes listed in Table 1 of this work).

Strontium has many roles in research and technology. Due to unique
electronic, optical, mechanical and chemical properties, strontium com-
pounds are employed in a wide range of applications, including micro-
electronic thin films for memory storage capacitors and tunable
microwave filters [34,35], nonlinear photonic glasses [36], superconduc-
tors [37], ceramics [38,39], catalysts [40,41], ferro- and piezoelectric
nanotubes or nanorods [42,43]. Strontium iodide materials (ceramic or
crystalline) are the brightest known scintillators suitable for nuclear -y-
ray radiation detection [38]. Strontium chemistry has been a focus of
medical studies related to the treatment of osteoporosis [44] and ex-
treme toxicity of heavy metal ingestion [45].

Strontium is a relatively abundant element in geological and nat-
ural materials. Total Sr content up to ~3000 ppm is found in marine
and magmatic carbonates. Although the major isotopes 8Sr, 87Sr
and 8%Sr are stable, a continuous increase in 8’Sr occurs naturally
over time as a result of radioactive -decay of 8’Rb. Hence, a ratio of
Sr isotopes (normally 87Sr/%6Sr) is extensively used for age dating in
geochronology, oceanography, archeology, and also as a provenance
tracer for defining the origin of historic or forensic samples. Examples

Table 1
The vibrational band origins and isotope shifts for the SrO transition A'S™ — X'S* The
isotope shifts (AN = N\gg — \;) are given relative to the spectrum of 385r'60.

Molecule v’ v” Wave number Wavelength Isotope shift  Isotope shift
(em™) (nm) (em™) (pm)
885r160 1 0 114882 870.219 0.0 0.0
2 0 121042 825.930 0.0 0.0
3 0 127185 786.042 0.0 0.0
05r160 1 0 11487.2 870.297 1.0 —78.1
2 0 121021 826.072 2.1 —142.1
3 0 127153 786.235 3.1 —1933
875r'°0 1 0 11488.7 870.178 —05 40.2
2 0 121053 825.857 —1.1 73.0
3 0 127201 785.942 -16 99.4
865r1°%0 1 0 114893 870.137 —1.1 81.3
2 0 121064 825.783 —22 147.9
3 0 127217 785.841 -33 201.2
855’10 1 0 114898 870.095 -16 1233
2 0 121075 825.706 —33 224.2
3 0 127234 785.737 —49 304.9
845r15%0 1 0 114904 870.052 —22 166.3
2 0 121087 825.628 —4.4 302.4
3 0 127251 785.630 —6.7 4113

include the use of the 87Sr/86Sr ratio to infer rock ages [46]; to facili-
tate the discovery of new petroleum reserves [47]; to determine the
origin of uranium ores [48]; to study agricultural soil-vegetation sys-
tems and for food authentication [49]; to locate the origin and move-
ment of different species of fish [50]; migration of ancient people
[46,51] and Neanderthals [52].

At present, the determination of Sr isotopic ratios is usually accom-
plished by thermal ionization mass spectrometry (TIMS) or multi-
collector inductively coupled mass spectrometry (MC-ICP-MS). TIMS
relies on sample microdrilling, dissolution and chromatographic separa-
tion of strontium from rubidium prior to the analysis. Pre-separation of
analytes is necessary due to non-resolvable isobaric interference be-
tween the ®’Sr and 8’Rb isotopes. Laser ablation sampling is often
used with MC-ICP-MS, followed by indirect calculation of the 87Sr/%Sr
ratio based on measurements of ratios 8°Sr/38Sr, #4Sr/%8Sr and #Rb/
87Rb [48,49,53]. Difficulties in measuring ®’Sr versus ®’Rb isotopes
prompted the development of resonance ionization mass spectrometry
(RIMS) in which two or three tunable lasers are simultaneously tuned at
strontium spectral lines to resonantly ionize Sr atoms in a laser pumped
multi-step excitation process [54,55]. However, all techniques currently
available for strontium isotopic analysis are tedious and require exten-
sive instrumentation.

LAMIS is free from isobaric interferences, but other interferences in
the optical spectrum can play a role. Although LAMIS will be generally
less sensitive than the traditional mass spectrometry, all functional hard-
ware can be engineered into a portable device which in principle can op-
erate remotely in a fashion similar to the LIBS-based instrument
ChemCam designed for a robotic mission to Mars [56]. Martian atmo-
spheric pressure is only 0.5-0.9 kPa (4-7 Torr) that is favorable for for-
mation of molecular radicals, which remain excited for a longer time
with their spectra less broadened than at terrestrial ambient pressure of
~100 kPa. Along with optical spectra of #Rb and 7Rb already measured
in laser ablation plasmas at low pressure [21], the measurement of Sr iso-
tope ratios using LAMIS can result in determination of the geological age
of rocks with uncertainty less than +500 Ma that corresponds to errors
within £2% in the 87Rb/3%Sr ratio. There is no other means to make direct
age dating measurements on Mars (current age estimates have uncer-
tainties in billions of years, and validity of these estimates for Mars geo-
logical components is unknown [57]). The US National Research Council
strongly emphasized a need to establish the absolute chronology of
Mars and other planets as one of the cross-cutting “overarching issues”
relevant to multiple missions to different celestial bodies [58].

Practical strontium analyses of structured materials in industry
and inhomogeneous natural samples in geological studies usually re-
quire localized microanalysis. For example, strontium titanate films in
memory capacitors are typically ~20 to ~250 nm thick, while the grain
sizes in strontium ceramics as well as in natural rocks and other ma-
terials are on the sub-millimeter scale. Surface scanning and depth-
profiling capabilities are in the realm of commercial LIBS instruments
[7,59] that can be adjusted for lateral resolution of ~10 um and depth
resolution of ~20 nm, with a nominal sample amount required of only
~1 pg. Using such instruments, LAMIS can be straightforwardly imple-
mented for rapid isotopic analysis.

The analyses of natural and enriched strontium isotopes using
LAMIS are reported in this manuscript. The results demonstrate sen-
sitivity to #Sr, 87Sr, and #Sr with spectrally resolved measurements
for each of these isotopes. Diatomic oxide and halides of strontium
were used in this study to represent the application of LAMIS for
isotope-specific analysis of solid samples in ambient temperature
and pressure conditions.

2. Experimental
Samples with known strontium isotopic content were ablated

using a Nd:YAG laser with wavelength of 1064 nm, pulse duration
of 4ns, and adjustable pulse energy within 50-100 mJ. The laser
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beam of approximately 6 mm in diameter was directed through a
fused silica lens (focal length 75 mm) to the sample. A focus point
was positioned slightly below the sample surface to create a spot di-
ameter of ~100 pm on the surface as determined by the size of the ab-
lation crater. A second lens was used to collect the emission from
laser ablation plasma onto the entrance of a fiber optic cable coupled
to one of the two Czerny-Turner spectrographs available for this
work. Acton SpectraPro SP2150 spectrograph with 150-mm focal
length and two exchangeable gratings was used for low resolution
measurements. These two gratings (150 and 600 gr/mm) provided
spectral resolution of 5 and 1.3 nm, respectively. High resolution
measurements were performed using Horiba JY 1250 M spectrograph
with 1250-mm focal length and a grating of 1200 gr/mm. The spectral
resolution was 0.04 nm in the latter case.

Both spectrographs were fitted with an Intensified Charge-
Coupled Device (ICCD) camera as a detector. The acquisition of spec-
tra was delayed after the laser ablation pulse, and the delay time was
varied to maximize the intensity of molecular emission while mini-
mizing continuum background and emission from atoms and atomic
ions. The data reported in this article represent measurements of
spectra from a single or accumulated multiple laser pulses. All mea-
surements were performed in air at atmospheric pressure.

Strontium carbonate and strontium halide powders were obtained
from commercial sources, then mixed with 10% paraffin as a binder
and pressed by a 7 ton press into one-centimeter diameter pellets.

SrCO5 powder (99.99% chemical purity) with natural isotopic abun-
dance was obtained from Alfa Aesar, a Johnson Matthey Co. Isotope-
enriched powders of 88SrCO; (99.75% enriched in #Sr), 87SrC0;
(90.6% enriched in 87Sr) and 8°SrCO; (96.3% enriched in 5Sr) were
obtained from Trace Sciences International Corp. and Cambridge Iso-
tope Laboratories, Inc. Other SrCO3; powder included NIST Standard Ref-
erence Material (SRM 987) with the certified values of the atomic
isotope fractions in percent: 8Sr=82.5845 4 0.0066; 37Sr=7.0015 +
0.0026; 35Sr=9.8566 4 0.0034; and #4Sr=0.557440.0015 [60]. The
values of the Sr isotopic percentage were used in this work for propor-
tional subtraction of the isotopomeric SrO spectra.

In addition to SrCOs, several strontium halides were utilized in
this study to demonstrate that molecular spectra of different diatomic
radicals can be used for isotopic analysis in LAMIS. Strontium halide
powders of natural isotopic abundance included SrF, (Sigma-Aldrich,
98% purity), SrCl, (Alfa Aesar, 99.5% purity), SrBr, (Strem Chemicals,
99% purity), and Srl, (Alfa Aesar, 99.99% purity).

3. Results and discussion

Strontium monoxide, SrO is a relatively strong emitter in laser in-
duced plasmas. Emission spectra of the isotopomeric radicals #8SrO,
87510 and %S0 in the gaseous phase are well known and character-
ized, particularly in the A'S* — X'S* band system [61,62]. Strontium
atom has an electronic structure very similar to calcium, and there-
fore SrO spectrophysical properties are similar to CaO [63]. Orange
bands of CaO were often detected in arc and spark discharges [64]
and are also clearly seen in ChemCam-like LIBS spectra from gypsum
at 590-630 nm, although unresolved [65,66]. The analogous bands
of SrO are equally complex and congested but appear at somewhat
longer wavelengths than that of CaO. The low-resolution spectra of
SrO obtained in emission from laser ablation of SrCO3 are shown as
a semi-logarithmic plot in Fig. 1. These spectra were recorded at dif-
ferent delays (0.26 to 30 ps) after the ablation laser pulse to demon-
strate their evolution in the plasma. Visibly, the continuum
background decreases more than 3 orders of magnitude in the plasma
from 0.26 to 30 ps. At delays longer than 6 ps, the SrO molecular emis-
sion becomes prominent, while three strontium ionic lines (407.8;
421.6; 430.5 nm, denoted by “+”) and one atomic line (460.7 nm,
denoted by “-”) are diminishing. The three vibrational bands (1,0),
(2,0) and (3,0) of the SrO A'S* — X!3* system, the “Orange” band,
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Fig. 1. The emission spectra from ablation of the SrCO5; sample at different delay times
on a semi-logarithmic scale. The delays are indicated on the plot; the gate widths were
set at 10% of the delays (e.g., the gate width of 0.1 ps was used for the delay of 1 ps). The
strontium ionic lines (407.8; 421.6; 430.5 nm) are denoted by a symbol “+", the atom-
ic line (460.7 nm) is denoted by a symbol “*”. The “Orange band” and three vibrational
bands of A'S* — X'S* transition of SrO are labeled accordingly. Data were acquired at
a spectral resolution of ~5 nm using a single laser pulse with energy of 60 mJ.

and several other SrO bands are seen in Fig. 1 with their locations
indicated.

The diatomic strontium oxide radicals in the laser ablation plasma can
originate from the direct extraction by a laser pulse from the sample in
the form of intact molecules. The other pathway of formation of these
radicals is association of the free Sr atoms evaporated from the sample
with dissociated atmospheric oxygen. A small deviation in plasma chem-
istry of different isotopes of the same element may occur but in general,
all isotopes undergo very similar reactions. Quantitative calibration can
relate the measured spectra of isotopomeric radicals in an ablation plas-
ma to the original abundances of isotopes in the sample.

The spectral interval between 780 and 960 nm of the SrO
A'S* - X'ST band system observed in laser ablation plasma from
the same SrCOs target is presented in Fig. 2. This low-resolution spec-
trum was measured with an acquisition delay of 1.3 ps after the laser
pulse and long integration time (gate width of 1.1 ms). Four vibra-
tional bands of SrO in the A— X system were observed along with
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Fig. 2. Four vibrational bands of A'S* —X'S* transition of SrO measured from laser ab-
lation of the SrCO5; sample with laser energy of 60 mJ, laser spot diameter of 500 um,
delay of 1.3 ps, and gate width of 1100 ps. Two atomic sodium lines at 818.3 and
819.5 nm are also present as a result of sample surface contamination by traces of Na.
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the atomic doublet of Na which was present as contamination in the
sample. The (0,0) band should be the most intense among them [61]
but the sensitivity of our detector was lower at the higher wave-
lengths. Further work with the SrCO3; sample included isotopic reso-
lution in the spectra of the (1,0) and (2,0) bands of this system.

The isotope-enriched samples of 335rC0O; (99.75% enriched), 87SrCO5
(90.6% enriched) and 86SrC05 (96.3% enriched) were ablated to generate
spectra of 88510, 87Sr0 and #5510, respectively. The NIST isotopic stan-
dard SRM-987 was used to provide the summed spectra from all natural-
ly occurring Sr isotopes with the certified atomic isotope percentages of
885r =82.58%, 7Sr=7.00%, 86Sr=9.86%, and 3!Sr=0.56%. The mea-
sured emission spectra of the SrO transition A'S* (v=2)—-X!3*
(v=0) from three isotope-enriched SrCO; samples and the SRM-987
sample are presented in Fig. 3. The corresponding spectra of the transi-
tion A" (v=1)—-X'S* (v=0) are presented in Fig. 4. These data
were normalized to the intensity of the strongest band and do not repre-
sent the actual measured intensities for each isotope. The spectra in
Figs. 3 and 4 exhibit unique and spectrally resolved signatures of 8SrO,
87510 and #Sr0. Emission from the certified standard SRM-987 shows an
integrated spectrum of a sum of the strontium isotopes with their natural
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Fig. 3. Experimental emission spectra of the (2,0) band of the A'>" — X!3* system of
SrO measured from enriched ®85rC0s, 87SrCO3 and 2°SrC0O5 samples, and from a NIST
(SRM-987) sample with natural isotopic abundance. The signal is normalized to the
strongest intensity in the band head.
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Fig. 4. Experimental emission spectra of the (1,0) band of the A— X system of SrO, sim-
ilarly to Fig. 3.

abundances, dominated by 28Sr. The isotopic shifts between #8SrO and
865r0 of approximately 0.08 and 0.15 nm in the band heads of the (1,0)
and (2,0) bands, respectively, were determined from the measured
data. These values agree well with the calculated isotopic shifts in the
band origins of the SrO isotopomeric molecules (see Table 1). The shifts
are noticeably larger in the (2,0) band relative to the shifts in the (1,0)
band of the vibrational progression.

The results of numerical subtraction of the isotope-enriched #Sr0
and #Sr0 spectra from the SrO spectrum of NIST SRM-987 sample of
natural abundance are displayed in Fig. 5 for the (1,0) band of the
A'ST — X'ST system. The strontium atomic isotope fractions certi-
fied for the SRM-987 sample were used as weight factors for this sub-
traction. The residual (blue trace) is mostly the spectral fraction from
87510, which is probably even less contaminated by other isotope
contributions than the spectrum from the 90.6%-enriched sample of
87SrC05 shown in Fig. 4. Thus, the spectra of the three isotopomeric
radicals 8sr0, 87Sr0 and 5510 were well resolved using only the ex-
perimental spectra and their difference. The detection of #SrO emis-
sion was not attempted at this time because the natural abundance of
8451 is merely 0.56%. A rough estimation of our current dynamic range
is approximately 1-100% for measuring the 8°Sr, 87Sr and #Sr indi-
vidual isotopes.

The isotopic SrO spectra were recorded also in the regions of high ro-
tational quantum numbers | of the (2,0) and (1,0) bands revealing a
well-resolved rotational structure. One example is illustrated in Fig. 6.
These data indicate that the spectral resolution of approximately
50 pm should be sufficient to resolve isotopic components in the three
major isotopomeric forms of strontium monoxide #Sr0, 37SrO and
865r0. In practice, 50 pm resolution can be readily obtained. For exam-
ple, a compact echelle spectrograph with high optical throughput and
high spectral resolution (EMU-65, Catalina Scientific) was used for the
optical measurements of 23°U versus 233U with isotopic splitting of
25 pm [16]. Moreover, partially resolved spectra were shown to suffice
for the isotopic detection [15]. Therefore, we can conclude that a com-
pact LAMIS instrument can be realized for robotic space exploration in
interplanetary missions, particularly for measuring the Sr isotopic ra-
tios. Low atmospheric pressure on other planets further simplifies the
requirements for the design of such an instrument.

Complementary evidence of the LAMIS ability to resolve spectral
features in emission of isotopomeric strontium monoxide radicals
comes from simulation of the spectra of °°Sr0, 8Sr0, 87Sr0, #sr0,
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Fig. 5. Experimental emission spectra of the (1,0) band of the A— X system of SrO from
enriched #8SrC0; and #5rCO; samples; and the difference spectrum obtained by sub-
tracting the weighted contributions of isotope-enriched ##Sr0 and #Sr0O spectra from
the SrO spectrum of the SRM-987 sample. The residual (blue trace) is mostly attributed
to 87Sr0.
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Fig. 6. Same as in Fig. 4 but for the spectral regions of high rotational quantum numbers
Jin the (1,0) vibrational band of the A — X system.

855r0 and 4SrO molecules. The results of the simulation of the (2,0)
and (1,0) vibrational bands of the A'S™ — X'S™ transition are pre-
sented in Figs. 7 and 8, respectively, for the six isotopes of strontium.
This simulation was performed in the same fashion as in our previous
studies [1,2] following Herzberg's framework of molecular spectra
[67]. The molecular constants for the simulation were taken from
[68]. Simulated intensities do not include any isotopic abundance fac-
tors but in each case assume 100% pure content of a given isotope to
demonstrate the magnitude of the isotopic shifts between the spec-
tra. The laser plasma at extended delays after the laser pulse was as-
sumed to reach local thermodynamic equilibrium (LTE) with a
uniform and quasi-steady-state temperature. The temperature was a
fitting parameter, and a value of 3000 K was chosen for these spectral
simulations. An acceptable agreement between experimental and
simulated spectra of #Sr0, 87SrO and %5SrO justifies our simple as-
sumption of a steady-state LTE model.

The calculated SrO band origins and isotopic shifts for the six
strontium isotopes are summarized in Table 1. All shifts are reported
relative to 88SrO because 88Sr is the most abundant naturally occur-
ring isotope of strontium. The shifts in wavelength versus those in
wavenumbers have the opposite signs due to the fact that the wave-
length increases when the wavenumber decreases and vice versa. The
isotopic shifts are up to 411 pm depending on the band and isotope.
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Fig. 7. Simulated emission spectra of the (2,0) band of the A— X system for °°SrO,
88510, 87510, 86510, 5°Sr0 and #4Sr0.
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Fig. 8. Same as in Fig. 7 but for the (1,0) band.

In further work, we can model or fit the experimental data such as
that shown in Figs. 3-6. The ability to model experimentally mea-
sured spectra opens the door for performing isotopic analysis on un-
known samples such as we previously demonstrated for a boron
nitride sample [2].

SrO Orange Band
SrCO 3 l

SrCI2

103 SrCI C % - X ’5"
102 T T T T T T T T T T T T 1
104 SI’BI’2

SrBrC M- X’z

SrlCom- X

T T T T 1
500 600 700 800 900

Wavelength (nm)

| T
300 400

Fig. 9. Spectra of diatomic molecules obtained from ablation of SrCOs, StF,, SrCl,, SrBr,, and
Srl, samples. The vertical arrows indicate the position of the “Orange band” of SrO. Identi-
fied bands of strontium halides are listed in Tables 2-5. All spectra include the Sr atomic
line at 460.7 nm. Spectral resolution was ~1.3 nm. Delay was 10 ps; gate width was 30 ps.
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We performed multivariate calibration using our strontium car-
bonate samples with known isotopic composition as standards: the
three isotope-enriched samples and one NIST-certified sample with
natural isotopic abundance. A linear regression fitted with partial
least squares (PLS) was used to match a spectrum of the unknown
sample to one of the reference spectra. We applied this PLS routine
to obtain multivariate calibration that takes into account all spectral
intensities at every pixel within the region of 870-880 nm. In this
wavelength interval the SrO emission is dominated by the (1,0)
band with minor contributions from the (2,0) band of the electronic
transition system A'S " — X3, The multivariate approach is more
accurate, robust and reliable in comparison to traditional univariate
calibration. Multivariate calibration can be performed correctly even
when spectra are only partially resolved that is particularly important
for molecular spectra [2].

In order to compile a library of reference spectra for the multivariate
PLS calibration, we recorded 100 separate spectra from each reference
sample without averaging or accumulating signals. Each spectrum was
from a single laser pulse. Using these spectra, we calculated a PLS regres-
sion coefficient matrix that correlated strontium isotopic abundance to
the relevant reference spectra, which included information on their
pulse-to-pulse variability. The PLS regression model was fully cross-
validated by consecutively removing every individual spectrum from

Av=0
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the library and treating it as the unknown. As a result of this multivariate
calibration of spectral intensities, isotope composition of the sample
with natural isotopic abundance was predicted to be 9.8 + 2.8% (5°Sr),
9.1+3.5% (87Sr), and 81.6 4 3.4% (%3Sr). These values are fairly consis-
tent with the true isotopic abundances of 9.86% (56Sr), 7.00% (87Sr),
and 82.58% (38sr) certified by NIST. This approach to isotopic determina-
tion is fully empirical and does not require simulating the spectra or as-
suming the thermalized plasma state. Precision of isotope quantification
can be improved.

In addition to SrO, spectra of diatomic halides of strontium SrF,
SrCl, SrBr, and Srl were measured in our laser induced plasmas. Sever-
al different halide samples (SrF,, SrCl,, SrBr,, and Srl,) were ablated
in ambient air, and the emission spectra of SrF, SrCl, SrBr, and Srl
were measured from the respective samples. These emission spectra
are shown in Fig. 9 at spectral resolution of ~1.3 nm. The SrO emission
spectrum obtained from the SrCO3 sample is also included in Fig. 9 to
provide a comparison. Ablating the SrCO3; sample generates mostly
SrO emission. For strontium halides, ablation generates emission of
both SrO and strontium monohalides. Each diatomic halide of stron-
tium has its own spectral signature that appears in a different spectral
region with its own unique structure. The spectral features of the
C2I1—X23™" transition for each halide are labeled accordingly in
Fig. 9. In these experiments, some portion of the diatomic halides of
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Fig. 10. Spectra of the C2[1— X232 band structure of strontium monohalides: (a) StF; (b) SrCl; (c) SrBr; and (d) Srl. Spectral resolution was ~40 pm. Assigned vibrational bands are
indicated in the figure. Two bands with the same vibrational quantum numbers are observed for SrCl and SrBr because of doublet splitting (see Tables 3 and 4).
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strontium is likely to be extracted by a laser pulse directly from the
sample in the form of intact molecular radicals, native to the sample.
Concurrently, the presence of the “Orange band” of SrO in all of the
spectra displayed in Fig. 9 indicates that the SrO radicals are being
formed in plasma-chemical reactions, which occur in a laser ablation
plume expending into the air. The origin and pathways of the oxide
and halide species are currently under study.

High resolution spectra of the C?IT— X3 " system of SrF, SrCl,
SrBr, and Srl are presented in four parts of Fig. 10. Because of the
small rotational constants for these halides, the rotational structure
is not resolved, contrary to the well-resolved structure of SrO (see
Fig. 6). Nonetheless, the vibrational progressions are clearly present
and are labeled in Fig. 10. Tables 2-5 list the band origin locations
and isotopic shifts for the measured emission bands of SrF, SrCl,
SrBr, and Srl, respectively.

Fig. 11 displays the high-resolution measured emission spectrum of
B23 " —X23" transition of SrF between 561 and 573 nm. The spectrum
includes a vibrational progression (Av=1) with unresolved rotational
structure. At higher vibrational quantum numbers, the doublet nature
of this transition is apparent; the minor splittings are due to the diverging
R; and R, rotational branches. The relevant simulated spectra are shown
in Fig. 12 for comparison. When the natural abundances of Sr isotopes are
factored in, the experimental data can be simulated suitably well
(Fig. 13). The simulated spectrum in Fig. 13 (black trace) was computed
using the weighted sum of strontium isotopes 38Srx0.8258 +
8751 % 0.07 4 3551 x 0.0986 + 451 % 0.0056 in accordance with their natu-
ral abundances. No fitting was performed in the latter case; the weight
factors reproducing natural isotopic abundances provide nearly perfect
spectral overlap.

Table 2
The vibrational band origins and isotope shifts for the 86Sr'°F and #3Sr'°F (only exper-
imentally observed bands are listed).

Transition v V" Wave number Wavelength Isotope shift Isotope
(ecm™1) (nm) (ecm™") shift (pm)

Cll,,—X23Y 0 0 273583 365.416 0.1 —07

0 1 268604 372.189 1.1 —1438
BT -X?st 0 0 172641 579.076 0.0 —0.2

1 0 177552 563.058 -1.0 31.6
A3, —X?3T 0 0 153515 651.223 0.0 0.2

1 0 158544 630.565 —-1.0 411

Table 3

The vibrational band origins and isotope shifts for the #65r>>Cl and #8Sr**Cl (only experi-
mentally observed bands are listed).

Transition v V" Wave number Wavelength Isotope shift Isotope
(em™1) (nm) (em™1) shift (pm)
Cll;p—X23Y 2 0 259516 385.223 -18 26.8
1 0 256719 389.420 —-0.9 135
0 0 253904 393.739 0.0 —-0.5
0 1 25090.0 398.453 1.0 —16.1
0 2 247915 403.251 2.0 —324
0 3 244949 408.134 29 —49.2
0 4 242002 413.104 3.9 —66.5
0 5 239074 418.163 48 —84.5
CT,,—X?3*Y 2 0 257934 387.587 -1.8 27.0
1 0 255148 391.818 —0.9 13.6
0 0 252345 396.171 0.0 —0.5
0 1 249341 400.944 1.0 —164
0 2 246356 405.802 20 —32.8
0 3 243390 410.747 3.0 —49.8
0 4 240443 415.781 3.9 —67.4
0 5 237515 420.907 4.8 —85.7
B2St X3t 1 0 160260 623.814 -1.0 39.1
0 0 157215 635.894 0.0 03
0 1 154211 648.281 1.0 —41.2
A’Tl3p—X%2Y 0 0 15116.1 661.361 0.0 0.5
0 1 148157 674.771 1.0 —444
0 2 145172 688.646 1.9 —924

Table 4
The vibrational band origins and isotope shifts for the 85Sr®'Br and ®3Sr®'Br (only ex-
perimentally observed bands are listed).

Transition v v” Wave number Wavelength Isotope shift Isotope
(em™1) (nm) (em™1) shift (pm)
Cll;,—»X33" 5 0 256715 389.427 —55 83.5
4 0 254712 392.490 —4.4 68.1
3 0 25269.9 395.616 —33 52.0
2 0 25067.6 398.808 —2.2 353
1 0 248644 402.068 —1.1 17.7
0 0 24660.2 405.398 0.0 —0.5
0 1 244447 408.972 1.2 —205
0 2 242302 412.591 24 —40.9
0 3 24016.8 416.258 3.6 —61.9
0 4 238044 419.973 4.7 —834
0 5 23593.0 423.736 59 —105.5
Czl'[m —X23T 5 0 253494 394.376 —5.5 85.6
4 0 251491 397.517 —4.4 69.9
3 0 249478 400.724 —33 534
2 0 247455 403.999 —2.2 36.2
1 0 245423 407.345 —1.1 18.2
0 0 243381 410.763 0.0 —0.5
0 1 241226 414433 1.2 —21.0
0 2 23908.1 418.150 24 —42.0
0 3 23694.7 421917 3.6 —63.6
0 4 234823 425734 4.7 —85.7
B:3T-X?st 3 0 16014.1 624.275 —3.6 1419
2 0 157954 632.919 —24 98.0
1 0 155756 641.850 —1.2 50.9
0 0 153547 651.084 0.0 0.6
AThLp—X32t 0 0 147022 679.983 0.0 0.7
0 1 14486.7 690.097 1.2 —56.0
0 2 142723 700.467 24 —115.6
0 3 140588 711.101 35 —178.3

Table 5
The vibrational band origins and isotope shifts for the
imentally observed bands are listed).

86511271 and #8Sr'?7I (only exper-

Transition v v” Wave number Wavelength Isotope shift Isotope
(em™ ) (nm) (em™1) shift (pm)

CI;,—X?3" 5 0 235082 425.264 —5.7 102.9
4 0 233409 428312 —4.6 83.8
3 0 231729 431418 —34 64.0
2 0 230041 434582 —23 434
1 0 228347 437.807 —1.1 220
0 0 22664.5 441.095 0.0 —0.2
0 1 224911 444.496 1.2 —23.6
0 2 223184 447935 24 —47.5
0 3 221464 451414 35 —71.9

A’TLp—X*t 1 0 14608.0 684.369 -13 59.0
0 0 144268 692.965 0.0 13
0 1 142534 701.396 1.2 —56.8

4. Conclusion

Application of LAMIS is reported for rapid optical isotopic analysis
of solid samples in ambient atmospheric air. The spectrally resolved
measurements of the individual isotopes 2Sr, 87Sr, and ®8Sr were
demonstrated. Spectra of diatomic oxide and halides of strontium
generated in laser ablation plasma were used in this study. The isoto-
pic shift of 0.15 nm in emission spectra of #¢SrO and #8SrO was mea-
sured, and significantly larger shifts are predicted. A better accuracy
in prediction of the computed molecular spectra should improve the
LAMIS detection limits when the isotopic determination includes nu-
merical spectroscopic subtraction. A possibility of using LAMIS of
strontium isotopes for radiogenic age determination was discussed.
Based on this study, a compact LAMIS instrument for robotic space
exploration can be realized. Low atmospheric pressure on other
planets simplifies the requirements for the design of such an instru-
ment. Although 34Sr was not studied, we believe this isotope is also
detectable based on our calculations.
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Fig. 11. Experimental emission spectrum of the vibrational band system (Av=1) of the
SrF transition B%Y " — X?3* obtained from ablation of the SrF, sample.
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Fig. 12. Simulated emission spectra of the vibrational band system (Av=1) of the SrF
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